Abstract. To assess the magnitude of fatal Rocky Mountain spotted fever (RMSF) and to evaluate the completeness of national surveillance for this occurrence from 1983 through 1998, two independent sources of RMSF mortality data were analyzed using a capture-recapture method. Two hundred twenty-four deaths reported through RMSF case report forms (CRFs) were compared with 304 RMSF-associated deaths recorded in the United States multiple cause-of-death (MCD) database. Demographic, geographic, seasonal, and temporal characteristics of decedents were remarkably similar between sources. Median annual deaths ascertained from CRF and MCD data sources were 11 (range ‫ס‬ 5−35) and 18 (range ‫ס‬ 5−39), respectively. Decedents were matched between sources by year, state, age, sex, race, and month-of-death; 111 deaths were matched to both sources, and percent concordance between CRFs and MCD data during the 16-year study period was 27% (range ‫ס‬ 7−45%). An estimated 612 RMSF-associated deaths occurred during the study period (median ‫ס‬ 37 per year, range ‫ס‬ 16−64), suggesting that approximately 400 fatal cases of RMSF went unreported to national surveillance during the period 1983−1998, for an estimated completeness of CRF reporting of 36%.
INTRODUCTION
Rocky Mountain spotted fever (RMSF), a tick-borne infection caused by the bacterium Rickettsia rickettsii, is among of the most severe of all infectious diseases in the United States. Early synonyms for RMSF, including "black fever" and "blue disease," referred to the dusky appearance of moribund patients shortly before death and attests to the frequently lethal course of untreated disease. 1 Before the recognition of appropriate supportive therapy and the discoveries of antimicrobial agents effective against R. rickettsii in the mid-1940s, an estimated 23% of the aggregate cases of RMSF in the United States resulted in death. 2, 3 The earliest records of RMSF deaths originate from western Montana in 1873, 4 and national surveillance data for RMSF have been collected since 1920. 5 However, efforts to compile accurate mortality data for this disease have been historically challenging and frustrating. In 1919, S. Burt Wolbach, a pioneering investigator of RMSF, stated "It is impossible to dismiss the subject of incidence and mortality without the comment that the Federal Public Health Reports records of Rocky Mountain spotted fever are valueless and that, as given in recent years, can fulfill no purpose whatsoever." 6 The primary instrument used to identify the magnitude and distribution of fatal RMSF in the United States is a standardized case report form (CRF) that is completed by state or local health officials when a case of RMSF is identified. However, incomplete reporting is magnified for diseases, such as RMSF, that occur sporadically and require specialized confirmatory diagnostic assays, which may have limited availability or provide retrospective diagnoses, sometimes weeks or months after the acute illness. In this context, the quantity and quality of nationally reported RMSF data have been historically problematic and have hampered efforts to accurately estimate the true numbers of deaths attributable to this disease. 7 Capture-recapture methods, originally developed to estimate the size of mobile animal populations, compare the results of two or more surveillance systems for the same event.
Estimates of the total number of events and of the completeness of ascertainment of each system can be calculated by determining the number of events captured or missed by each system. 8 These approaches have become standard techniques for estimating changing frequencies of certain bird, fish, and insect populations, and more recently have been used by public health epidemiologists to evaluate passive surveillance systems for various notifiable infectious diseases, including congenital rubella syndrome, 9 tetanus, 10 pertussis, 11 meningococcal disease, 12 and dengue. 13 To estimate of the magnitude of fatal RMSF and to evaluate completeness of reporting of recognized deaths from 1983 through 1998, a capture-recapture method was applied, using data collected by CRFs and by national mortality statistics obtained from death certificates.
MATERIALS AND METHODS
Sources of mortality data. Cases of fatal RMSF are reported passively to the Centers for Disease Control and Prevention (CDC) from local and state health departments using CRFs that collect clinical, laboratory, and epidemiologic data associated with individual cases of RMSF. Using clinical and laboratory criteria, cases are classified as being confirmed, probable, or unconfirmed. 7 In this study, RMSF deaths from all three categories were compared with mortality records for RMSF compiled by the National Center for Health Statistics (NCHS, CDC). The NCHS mortality data represent a second independent source of national RMSF death information and are abstracted from all death certificates collected under the civil registration system of each state in the United States. 14 Medical information on death certificates is translated into standard codes of the International Classification of Diseases, Ninth Revision, (ICD-9), published by the World Health Organization. 15 For this study, the NCHS multiple cause-ofdeath (MCD) data were analyzed to identify all deaths with the ICD-9 code for RMSF (082.0) listed anywhere on the record.
Demographic data and temporal trends in numbers of deaths from both sources were compared for 1983 through 1998. This 16-year period was selected because an expanded CRF containing more precise epidemiologic, clinical, and laboratory data was introduced in 1981 and because MCD data for 1981 and 1982 were incomplete and only represent estimates obtained from a 50% sample of death records. 16, 17 Case report form and MCD data were compared by state of origin, age, sex, race, months of peak reporting of deaths, and total deaths reported during the periods 1983−1990 and 1991−1998.
Because personal identifying information is not available from both data sources, deaths were matched by using other accompanying data. Entries in both sources were considered to be matched if the year, state of residence, age (± 1 year), sex, and either race or month-of-death (± 1 month) for the entries were identical. For CRF data that did not specify a month-of-death, dates of confirmatory serologic testing for RMSF were used as a surrogate. For most calculations, a death was considered discordant between lists if discrepancies were observed between year, state of residence, sex, race, age (> 1 year), or month-of-death (> 1 month); however, to assess the effect of matching stringency, this process was modified, as described below.
Capture-recapture calculations. A two-source capturerecapture method was used to estimate the number of recognized deaths attributable to RMSF. 8, 18 Estimates were obtained by using the formula
where N est is the estimated total number of RMSF-associated deaths, M is the number of RMSF decedents listed by the MCD data source, n is the number of decedents reported to the RMSF CRF surveillance system, and m is the number of decedents matched to both sources. An estimate of variance of N est was calculated by the formula
Ninety-five percent confidence intervals (CIs) were constructed using the formula
To quantify long-term trends in mortality, the estimated numbers of deaths derived from capture-recapture calculations were regressed against year. Completeness of reporting for CRF and MCD data was calculated by dividing the total number of entries in either system by N est for the period studied.
To assess the effect of more stringent or relaxed matching criteria on N est , death estimates were recalculated, requiring exact matching for all six variables, or permitting a discrepancy in one of the six variables. Statistical analysis. The Wilcoxon rank-sum test was used to compare age at death between the two sources, and the chi-square test was used for comparisons of gender, race, and total cases by month-of-death intervals and year-of-death periods.
RESULTS
During 1983 through 1998, 29 states reported 224 RMSFassociated deaths by using CRFs: 174 of the cases (77.7%) were classified as confirmed or probable RMSF, and 50 (22.3%) were classified as unconfirmed. During the same period, 304 RMSF-associated deaths occurring in 31 states were recorded on death certificates. Greater numbers of deaths were reported each year in the MCD data source than in the CRF data source for all years but 1993 and 1998; the median annual numbers of deaths recorded by these sources were 18 (range ‫ס‬ 5−39) and 11 (range ‫ס‬ 5−35), respectively. By rank order (including ties), the same five states contributed the greatest number of RMSF deaths to each source, and combined records from three states (Arkansas, North Carolina, and Oklahoma) accounted for 35.9% and 44.2% of all deaths included in the MCD and CRF data sources, respectively (Table 1) .
Although concordance between deaths appearing in both sources was generally low by state (Table 1 ) and by year (Figure 1 ), the demographic, seasonal, and temporal compositions of data from the two sources were very similar with respect to age, sex, race, month-of-death, and distribution of deaths during each half of the 16-year period studied. Median ages of decedents in the CRF and MCD data sources were 46.5 years (range ‫ס‬ 1−94) and 53 years (range ‫ס‬ <1−94), respectively. Features common to both data sources included a male:female ratio of 1.5, and clustering of approximately two-thirds of deaths occurring from May through July, and 70% of all deaths occurring during the period 1983−1990 (Table 2) .
Between the two sources, 101 deaths matched exactly by year, state, sex, race, age, and month-of-death. An additional 10 deaths matched exactly for five of the six variables and were included in capture-recapture calculations; these entries included two deaths without a specified or surrogate monthof-death listed in the CRF source, two for which the reported month-of-death differed by one month, and six for which the reported age differed by one year.
Fifty percent of RMSF deaths recorded in the CRF source were unmatched in the MCD source, and 63.5% of deaths in the MCD source did not have a corresponding entry in the CRF surveillance data. Overall concordance between the sources during the period studied was 26.6% and varied by year from 6.7% to 44.8% (Figure 1 ). Of states with records in both data sets (n ‫ס‬ 26), concordance ranged from 0% (five states) to 66.6%. For Oklahoma and North Carolina, the states reporting the most deaths to either source, concordance was 34.0% and 40.8%, respectively (Table 1) . In general, concordance was greater between CRF and MCD data during the period 1983−1990 (median ‫ס‬ 31.4%, range ‫ס‬ 11.1−44.8%) than during the period 1991−1998 (median ‫ס‬ 15.0%, range ‫ס‬ 6.7−25.0%).
By using capture-recapture analysis, an estimated 612 (95% CI ‫ס‬ 548−675) cases of fatal RMSF were diagnosed during the period 1983−1998 ( Table 3 ). The median annual estimate was 37 and ranged from 16 to 64 deaths per year. Regression analysis of annual estimates showed a decrease of approximately two deaths each year during the study period (y ‫ס‬ −2.1x + 228.7, R 2 ‫ס‬ 0.59, Figure 2 ). The completeness of reporting of RMSF-associated deaths by CRFs and by death certificates over the study period was 36.6% and 49.7%, respectively. Marked decreases in the completeness of both sources were observed during the 1990s compared with the 1980s, although the greatest decreases were identified among CRF surveillance data (Table 3) .
When more stringent criteria were used to establish a match (e.g., an exact match necessary for each of the six criteria), the entries common to both sources were reduced by only 10 and the estimated number of deaths was 672. In a similar manner, when the criteria were relaxed to allow for a discrepancy in any one of the six categories (generally discrepancies occurring for age differences more than one year or for race), an additional eight deaths were identified as matched entries, and the estimated number of deaths was 571. Both of the recalculated point estimates were contained within the 95% CI established for the original estimate, supporting the robustness of the original estimate.
DISCUSSION
By comparing fatal cases of RMSF reported to two national systems that collect these data, capture-recapture analysis was used to estimate the magnitude of mortality attributable to RMSF and the completeness of passive reporting of this condition in the United States during the period 1983−1998. These estimates suggest that little more than one-third of fatal * None of the characteristics were significantly different between sources. Age at death was compared by the Wilcoxon rank-sum test, and the chi-square test was used for comparisons of all other characteristics.
† Includes deaths confirmed, probable, and unconfirmed by using clinical and laboratory criteria. 7 Some characteristics were not reported on all CRFs, including age (2 cases), sex (1), and month-of-death (24). 
CAPTURE-RECAPTURE ESTIMATES OF RMSF DEATHS
cases of RMSF were reported to CDC through CRFs, that approximately 400 deaths were missed by the principal instrument of national RMSF surveillance, and that passive reporting through CRFs deteriorated progressively during the study period. This investigation represents the first attempt to evaluate the sensitivity of national reporting of deaths attributable to RMSF. State health departments and CDC derive incidence and mortality statistics for RMSF principally from data obtained by voluntary reporting; however, prospective active surveillance and reviews of hospital discharge data reveal that public health agencies are notified of only a fraction of nonfatal and fatal cases. [19] [20] [21] [22] Under-ascertainment is a problem common to all passive surveillance systems, including those that monitor the occurrence of life-threatening infectious diseases. 23, 24 The perceived importance of an illness and the clinical outcome associated with a particular episode (e.g., recovery versus death) may influence the rate of reporting; however, estimates for completeness of reporting of deaths attributable to other nationally notifiable diseases reveal similarly low percentages, including 33% for pertussis and 40% for tetanus. 10, 11 Application of capture-recapture methods require several assumptions. These include 1) the capture and recapture sources are independent systems, 2) all cases have the same probability of capture by a given system (although the probability of capture may vary between systems), 3) the population under study is closed to migration, and 4) each case has been diagnosed correctly and all true matches are identified. 25 Because some or all of these assumptions may be violated or impossible to validate in population-based epidemiologic studies, the reliability of capture-recapture estimates derived from overlaps between pre-existing lists has been challenged. 26, 27 Of particular concern are biases resulting from source dependency and population heterogeneity, which violate assumptions 1 and 2, respectively. The true degree of dependence between the MCD and CRF data sources is uncertain; however, positive net dependency (i.e., a death reported to one system is more likely to be reported to the other system) generally exists between epidemiologic sources, particularly sources with identical geographic catchments, producing population underestimates when capture-recapture techniques are used.
Variability in severity of the same disease among a group individuals is often used to exemplify the influence of population heterogeneity on reporting bias (i.e., severe cases are more likely to be reported than are milder cases of a given disease or condition). 26 In the present study, however, each source was defined by a specific, unvariable outcome (i.e., death) associated with RMSF, presumably reducing the impact of heterogeneity on reporting bias and dependency between sources. In addition, if one assumes an equal probability for any decedent to be listed in the MCD data source (death certificates are completed for all persons in the United States), a comparison of the geographic, demographic, seasonal, and temporal trends between the MCD and CRF data suggests similar unbiased reporting to the CRF source. 28 In the context of this study, assumption 4 is perhaps the least tenable. Diagnoses established on death certificates do not require confirmatory laboratory data, making the accuracy of MCD data uncertain. Review of medical records of 78 Indian Health Service patients for whom RMSF had been diagnosed during the period 1980−1996 revealed that only approximately 30% of these diagnoses were validated by an accompanying confirmatory assay. 29 Similarly, transcription, abstraction, or coding errors in one or more of the categories used to match deaths or incompleteness of data available for comparison would result in mismatches and failures to identify true matches between sources and diminish the precision of the estimate. Data sets containing a large percentage of incorrect diagnoses will inflate capture-recapture case counts and provide falsely low estimates for completeness of reporting. 12 Because these data are anonymous and derived from national sources, it is not feasible to confirm the accuracy of the diagnoses by detailed reviews of individual medical charts. However, the remarkable similarity of the geographic and demographic characteristics from each source, and similar seasonal and temporal trends between crude case counts during the study period support the validity of the RMSF diagnoses in the MCD data source as measured against the standard epidemiologic profile of this disease established by CRF data. 7, 16, 30 In a similar manner, capture-recapture estimates of RMSF deaths established by this study appear to be robust to variations in matching criteria: estimates obtained when criteria for matching were made more or less stringent were each contained within the 95% CI established for the original estimate.
Half of RMSF-associated deaths identified using CRF surveillance were not identified in the MCD data source. For some of these patients, failure to record RMSF on the death certificate may have occurred because of delays in obtaining confirmatory laboratory data (e.g., specialized serologic, molecular, or immunohistochemical testing) that became retrospectively available. In these patients, a death may have been attributable to an underlying cause (e.g., sepsis, adult respiratory distress syndrome, multisystem organ failure) for which an etiologic agent had not yet been determined. Discrepancies between the numbers of RMSF-associated deaths abstracted from hospital discharge records and those re- corded on death certificates have also been described, 22 perhaps because of similar circumstances. Under-reporting is perhaps the primary explanation for approximately 64% of RMSF-associated deaths recorded by death certificates but not included in the CRF source. However, absence of confirmatory diagnostic criteria, particularly serologic criteria, which are often non-diagnostic in patients with fatal RMSF, 31 may dissuade a physician from reporting a case. This is suggested by the observation that only 22% of reported deaths were classified as unconfirmed, while 42% of all (fatal and non-fatal) CRF cases reported during the period 1981−1996 were categorized as unconfirmed. 7 Median annual concordance between CRF and MCD data for RMSF-associated deaths during the 1990s was approximately half of that observed during the preceding decade. Concordance between annual numbers of deaths identified by the CRF and MCD sources provides the basis for estimates of reporting completeness, and this study suggests a gradual but steady erosion of reporting of fatal RMSF during the study period, a trend particularly apparent with CRFs. The CRFs are submitted voluntarily, and the numbers fluctuate markedly among and within states over time. Unexplained and dramatic surges in reported cases of RMSF are frequent: New Jersey reported no cases in 1988 but 26 in 1989, and Pennsylvania reported two and 23 cases, respectively, during the same two-year period. 32 Other states have demonstrated consistently low compliance with CRF surveillance despite reporting relatively large numbers of cases identified by using the National Electronic Telecommunication Surveillance System. 30, 33, 34 Although data in this study indicate recent declines in reporting of fatal cases of RMSF, coincident decreases in the number of RMSF-associated deaths recorded on death certificates also suggests a true reduction of RMSF mortality in the United States during the period 1983−1998, perhaps due to increased general awareness of tickborne diseases and contemporary treatment recommendations. 30, 31, 35 Rocky Mountain spotted fever remains a medical curiosity to many and poses formidable diagnostic challenges to most clinicians, even to those familiar with the disease. Because of the devastating consequences associated with a missed or delayed diagnosis, 36, 37 any information that enhances a clinician's ability to consider, correctly diagnose, and initiate appropriate therapy for RMSF represents effective public health intervention. Although many factors may limit the accuracy of death estimates derived from capture-recapture methods, these figures can be used effectively to add perspective to the magnitude of fatal RMSF, to support efforts that improve state and national reporting, and to serve as a tocsin to alert clinicians of this often overlooked but nonetheless lethal infectious disease.
